The rapid release of energy from reactive multilayer foils can create extreme local temperature gradients near substrate materials. In order to fully exploit the potential of these materials, a better understanding of the interaction between the substrate or filler material and the foil is needed. Specifically, this work investigates how variations in local properties within the substrate (i.e. differences between properties in constituent phases) can affect heat transport into the substrate. This can affect the microstructural evolution observed within the substrate, which may affect the final joint properties. The effect of the initial substrate microstructure on microstructural evolution within the heat-affected zone is evaluated experimentally in two Sn-Zn alloys and numerical techniques are utilized to inform the analysis.
INTRODUCTION
Reactive multilayer foils (RMF) are a class of materials that are being studied due to their ability to act as localized heat sources. [1] [2] [3] [4] [5] [6] [7] [8] This makes them particularly interesting for microelectronics applications where small, dissimilar and often temperature-sensitive components are being joined. 9 These foils are formed by alternating submicron layers of elements, such as Ni and Al, that undergo a reaction when energy is input into the foil. This causes mass diffusion to initiate, releasing a highly exothermic latent heat. The reaction is self-sustaining and progresses rapidly.
Due to the small generation and rapid dissipation of heat from RMF reactions, computational methodologies are necessary to inform experimental observations to gain fundamental mechanistic insight, as well as to provide the capability to be predictive when exploring uncommon or new systems. Previous models that have been developed to describe the heat flow from RMFs into a substrate or filler material for joining applications are limited. [4] [5] [6] [7] [8] They typically lack microstructurally-informed constituent behavior, and, as such, they assume that the substrate structure may be treated as uniform and the properties handled in a continuum fashion. 4 Although these assumptions are sufficient for fully eutectic, metallic glass, or thin substrate materials, applying these models to materials outside this subset may cause errors in the prediction.
This work seeks to evaluate the effect of initial substrate microstructure on the heat flow and microstructural evolution during and after a RMF reaction. This was accomplished through the study of two experimental substrate Sn-Zn alloys whose mesoscale microstructures are heterogeneous in both morphology and thermal properties. The Sn-Zn alloy system was chosen as a model material for this investigation due to its low melting temperature 10 and the presence of phases that display material properties, [11] [12] [13] which should highlight the importance of inputting microstructural information into current heat flow models. Attempts to numerically model the reactions were made and the predictions are compared to experiments.
EXPERIMENTAL AND NUMERICAL METHODS

Alloy Preparation and Characterization
Two Sn-Zn alloys (14 wt.% Zn and 50 wt.% Zn) were prepared from Sn (99.8% metal basis) and Zn shot (99.99% metal basis) sourced from Alfa Aesar. The alloys were melted in a covered graphite crucible located inside a resistance box furnace at 773 K (500°C). After 20 min, the crucible was removed from the furnace and the contents were stirred with a graphite rod. The crucible was then placed back in the furnace for a further 5 min to bring the alloys back to temperature. The melts were then poured into a rectangular copper mold with dimensions of 19 mm 9 19 mm 9 100 mm under ambient conditions. Each of the castings was allowed to cool to room temperature before removal from the mold.
For compositional analysis, samples from each alloy were characterized using x-ray fluorescence spectroscopy (XRF) on an EDAX Eagle III machine with an accelerating voltage of 40 kV and a spot size of 90 lm. Three measurements were taken across each specimen to verify that the composition of the casting was uniform. Transformation temperatures (solidus and liquidus) and enthalpy of fusion (DH fus ) for the alloys were subsequently evaluated using a Perkin Elmer DSC-8000 differential scanning calorimeter (DSC). Specimens (approximately 200 mg each) were heated from 323 K to 723 K (50-450°C) at a ramp rate of 20 K/min. This was repeated at least three times for each of the samples and the information was utilized within the numerical models to account for melting.
Samples were prepared for microstructural analysis using standard metallographic techniques up to a 0.04-lm colloidal silica slurry final polish. Microstructural analysis was performed on a Phenom Pro scanning electron microscope (SEM) using the backscattered electron detector to enhance phase contrast in the images.
RMF-Substrate Reaction
In order to study the effect of RMF reaction on the underlying substrate microstructure, test coupons were sectioned from the castings. The coupons were planed and polished to a 0.04-lm finish, with a final thickness of approximately 7.0 mm. This surface treatment was conducted to minimize surface roughness, which can influence the thermal interfacial resistance between layers.
14 Free-standing Ni(V)-Al RMFs were purchased from Indium and had dimensions of 12.7 mm 9 12.7 mm 9 60.0 lm. These foils each had a 1-lm-thick layer of InCuSil Ò -ABAä (Ag 59 Cu 27.25 In 12.5 Ti 1.25 ) on the surface. The reactions were conducted with the foil held between the substrate and a glass slide. The foil, substrate, and glass slide system was held in place with a 200-g weight to minimize foil distortion resulting from the reaction. Additional weight was not used in the experimental set up because previous experiments demonstrated that increased pressure on the reaction setup resulted in material extrusion through fractures in the foil, which made it impossible to properly account for the scale of the heat-affected zone (HAZ) due to material loss. A 20-V DC power supply was used to create an arc between two solid core copper wires to initiate the foil reaction. The samples were then sectioned with a low-speed diamond saw and then prepared for microstructure analysis.
Numerical Modeling
To elucidate the effects of the substrate microstructure on the size of the HAZ, numerical methods were developed and utilized. First, a onedimensional (1-D) calculation was performed that treated the substrate microstructure as a continuum, which included temperature-dependent thermal properties and substrate phase (i.e. solid or liquid). Conduction from the foil into the substrate was handled using Fourier's law 15 by assuming that the interface between the materials remained planar and that conduction would dominate other heat transport mechanisms. Additionally, it was assumed that heat loss into the glass slide would be negligible due to the large difference in thermal conductivity between the glass slide and the metal substrate. This approach has been demonstrated to agree with experimental observations. 16 Heat flow through the substrate was modeled using a finite difference approximation of the 1-D heat equation. A schematic of the calculation space is shown in Fig. 1 .
The heat evolved from the foil was calculated using Eq. 2.
This value is based on the enthalpy of formation for the compound being formed during the reaction (DH 0 ), the bilayer thickness (k) and the thickness of the intermixed region between two adjoining layers (w) within the RMF. These values were taken to be 1383 J/g, 18 47.6 nm (determined experimentally using transmission electron microscopy) and 2.3 nm, 4 respectively. Using these values, the predicted heat of reaction fell in line with the values published by Indium. The energy value was converted to an initial temperature by assuming that it was reversibly absorbed by the foil. 19 This resulted in an initial boundary temperature of approximately 1500 K, which is in line with previous studies. [4] [5] [6] [7] [8] The variation of thermal properties (density, thermal conductivity and heat capacity) with temperature was handled by fitting literature data [11] [12] [13] [20] [21] [22] [23] [24] [25] [26] [27] [28] for the properties in the Sn-Zn alloy system. This fit was accomplished using a phenomenological regular solution model that utilized the Redlich-Kister polynomial (Eq. 3). 29 In the equation below, P, P 1 , P 2 , X 1 , T and L i represent the generic property of interest (i.e. thermal conductivity or density), property of component 1, property of component 2, atomic fraction of component 1, absolute temperature (K) and interaction parameter, respectively.
Examples of the regular solution model fits for thermal conductivity and density for Sn-Zn liquid solutions, over multiple compositions and a range of temperatures, are given in Fig. 2 .
The equations that describe the fit to the literature data are also presented (Eqs. [4] [5] [6] . In these equations, X Zn , T, k, and q are the atomic fraction of Zn, absolute temperature, thermal conductivity (W/m-K) and density (kg/m 3 ), respectively. The values for thermal conductivity in the solid state for each of the experimental alloys was taken from the literature (85.7 W/m-K and 97.3 W/m-K for 14Zn and 50Zn, respectively) 11 and were held constant as a function of temperature during the calculation. This was due to the limited temperature range over which the alloys were in the solid state, which results in negligible changes in the final calculation of HAZ size.
Sn-Zn liquid phase temperature-and composition-dependent thermal conductivity, k(X Zn ,T):
Sn-Zn solid phase temperature-and compositiondependent density, q solid (X Zn ,T):
Sn-Zn liquid phase temperature-and compositiondependent density, q liquid (X Zn ,T):
In order to account for melting in the substrate, values for transition temperatures and DH fus were obtained from DSC experiments. It was assumed that the HAZ size would correspond to the maximum distance into the substrate that the liquidus temperature (T liquidus ) was reached. Although the HAZ can extend beyond the region where melting occurs, this assumption was based on the limited time for mass transport due to the extremely short timescales (<400 ms) 4 that the samples were expected to be at elevated temperatures.
From previous work, 16 it was found that there was a large variability of the observed HAZ size. This was attributed to the tendency for the foil to distort significantly during the reaction, which functionally increased the thermal interfacial resistance between the foil and substrate, and resulted in uneven heat flow into the substrate alloys. The effect of the foil distortion was accounted for in the 1-D calculations by varying the initial boundary temperature and determining an average HAZ size over multiple simulations.
In order to parameterize the model with microstructural features, a two-dimensional (2-D) numerical calculation was performed using a finite difference approximation of the 2-D heat equation. The Effect of Substrate Microstructure on the Heat-Affected Zone Size in Sn-Zn Alloys Due to Adjoining Ni-Al Reactive Multilayer Foil Reaction Microstructural features were included by digitizing SEM micrographs taken from a Sn-50 wt.% Zn alloy. This alloy was used because its coarse microstructure allowed for a representative digital microstructure to be created using the same node size as the 1-D model (5 lm). The thermal properties of the each phase in the microstructure were assigned to the digital microstructure that formed the calculation space. The predictions of both calculations were compared to the observed HAZ sizes and their respective efficacies discussed.
RESULTS AND DISCUSSION
Compositional and Calorimetric Analysis
The results from the compositional analysis performed using XRF are presented in Table I .
Representative DSC heating curves for both of the alloys are presented in Fig. 3 . Both alloys exhibited the expected behavior based on the published phase diagram. 10 The values for the solidus (T solidus ) and liquidus (T liquidus ) temperatures, along with DH fus , are enumerated in Table II .
Microstructure Evolution
The as-cast microstructure for both alloys (Fig. 4) consisted of elongated pro-eutectic Zn phases surrounded by an interconnected eutectic structure.
Within the post-reaction microstructure, a HAZ was observed extending out from the RMF-substrate interface (Fig. 5) . Beyond the HAZ boundary, the bulk microstructure remained unchanged from the as-cast morphology. Figure 5 illustrates the differences observed, at higher resolution, between the bulk and HAZ microstructures. In the 14Zn alloy ( Fig. 6a and b) , the HAZ consists of a relatively homogeneous distribution of globular particles. It is known that the increase in cooling rate increases the solidification front velocity in the alloy. 30 As the solidification front velocity increases, the partition coefficient approaches a value of 1, which results in a more homogeneous microstructure. 31 Under equilibrium conditions, the partition coefficient in this region of the Sn-Zn phase diagram is 0, which indicates a tendency for Sn to partition away from the pro-eutectic Zn phase. Additionally, the enthalpy of mixing for Zn and Sn is positive over the entire composition regime, 32, 33 which contributes to the lenticular shape of the pro-eutectic Zn phase observed in the 14Zn alloy.
In the 50Zn alloy ( Fig. 6c and d) , the microstructure transitions from that consisting of coarse, proeutectic Zn dendrites surrounded by eutectic into a more refined dendritic structure surrounded by what appears to be a more divorced eutectic structure. The existence of dendrite arms in both the bulk and HAZ microstructures in the 50Zn alloy allowed for the measurement of dendrite-arm spacing (SDS), which can be correlated to relative solidification rates. 34, 35 By measuring the SDS, the solidification rates experienced by the two microstructures were compared using Eq. 8. 
SDS is represented by k SDS , t is the solidification time (i.e. the time it takes for the temperature to decrease from T liquidus to T solidus ) of the alloy and C is a constant. The value for SDS in the cast alloy was observed to be 7.1 ± 0.8 lm and in the HAZ it was found to be 0.7 ± 0.2 lm. Using these values, the average solidification rate in the HAZ was determined to be approximately three orders of magnitude greater than the average as-cast solidification rate (see Table III ).
1-D Model Results: Microstructure Invariant
When the experimental HAZ sizes were compared to the 1-D model calculation, a discrepancy was observed (Fig. 6) . The predicted HAZ sizes were approximately a factor of two greater than the observed sizes. This was attributed to the difference in thermal conductivity between the pro-eutectic Zn relative to the bulk alloy, which was also approximately a factor of two. The difference in properties allows for the pro-eutectic to be a more efficient path for energy transport, based on Fourier's law, 15 effectively making it a ''short-circuit'' pathway within the microstructure. Additionally, this effect could be magnified by the large melting range of the The Effect of Substrate Microstructure on the Heat-Affected Zone Size in Sn-Zn Alloys Due to Adjoining Ni-Al Reactive Multilayer Foil Reaction alloys, as this would allow for the pro-eutectic phase to persist for longer in the structure. This local heat transport effect is not accounted for in the model, leading as a result to an improper estimate of HAZ scale.
To include the effect of microstructure, the calculation of liquid thermal conductivity in the melting range was modified, by a factor of two, to include the contributions of a persistent pro-eutectic phase in the HAZ. Then, the simulations were run again. As a result of the modification, the predicted values were then brought closer to the experimentally observed values (Fig. 7) . Figure 8 gives an example of the evolution of temperature as a function of time within the substrate, which can be used to extract cooling rates within the HAZ.
To further validate the efficacy of the model predictions, the solidification rate within the HAZ was extracted and compared to the average solidification rate experienced by the bulk microstructure, which was calculated based on the casting conditions, alloy and copper mold properties (Table III) . When the average solidification rate of the HAZ region was normalized by the average solidification rate from the casting of the 50Zn alloy, the result was approximately a three orders of magnitude difference between the two conditions, which closely matches the relative solidification rate difference determined using the SDS measurements in the 50Zn alloy. These experimental observations helps to validate the model predictions and to reinforce the need to include microstructural features into the model in order to accurately simulate the behavior of the system.
2-D Model Results: MicrostructurallyInformed
A microstructurally-informed model necessitated an expansion to 2-D to account for thermal transport into different phase regions. Prior to an attempt to model a representative microstructure being undertaken, a simplified microstructure containing a single dendrite was simulated. This simplified structure allowed for the evaluation of the hypothesis that the Zn pro-eutectic dendrites could act as a ''short-circuit'' path for heat transport in the microstructure. If this was in fact the case, it was expected that melting of the eutectic would initiate at the dendrite-eutectic interface as there would be a larger amount of energy available when compared to the bulk eutectic.
The microstructure was created in MATLAB Ò by using a matrix with nodes in the shape of a dendrite assigned the number 1 with all the remaining nodes in the calculation space being given the value of 0 (in this case 1 represented the pro-eutectic phase and 0 corresponded to the eutectic phase). For the simulation, each of the microstructure constituents was assigned unique physical properties (density, thermal conductivity and heat capacity) that were calculated based on literature values. The values for DH fus for the respective phases were also taken from the literature. 18, 36 To reduce computational Microstructure contributions included (mean ± 1 standard deviation). The Effect of Substrate Microstructure on the Heat-Affected Zone Size in Sn-Zn Alloys Due to Adjoining Ni-Al Reactive Multilayer Foil Reaction intensity, the physical properties of the respective constituents were held constant with respect to temperature. The properties would only change if a node underwent a phase transformation (i.e. melting). The values used in the 2-D calculation are presented in Table IV . During the simulation, the respective microstructural features retained their distinct properties. Eutectic nodes were allowed to melt at the eutectic temperature (469 K), at which point the properties of the node changed to those of the liquid eutectic. Proeutectic Zn nodes retained the properties of the solid until the node temperature reached T liquidus , at which it would take on the bulk properties of the liquid alloy at the melting temperature for all subsequent temperatures, regardless of its origin as a pro-eutectic Zn or eutectic constituent. This gives an approximation of the local conditions in the alloy, since the liquid is predicted to be uniform above T liquidus . 10 To properly visualize phase transformations during the simulation, heat capacity maps were used because they could clearly illustrate the phases present in the microstructure. The evolution of the microstructure as a function of time is presented in Fig. 9 (note: the node size is 5 lm 9 5 lm). The different colors in the images correspond to different heat capacity values, which are related to the respective phases present. Since there are two distinct melting events that can occur during the simulation, eutectic melting and complete melting (labeled ''Above T liquidus ''), two distinct colors were used to represent these events (note: this color scheme is consistent between Figs. 9 and 11).
Results from the simulation supported the hypothesis by demonstrating that eutectic melting initiated at the dendrite (Fig. 9b ) then progressed outward, away from the interface. The simulation also highlights how melting of the eutectic can occur deeper in the substrate than complete melting of the alloy (Fig. 9d) . In order to include the complexity of a real microstructure into the simulation, a representative micrograph of 50Zn was used (Fig. 10a) . The image was first converted to a binary image (black and white) using the ImageJ software program (Fig. 10b ). This processed image was then digitized in MATLAB Ò by assigning a 1 to pixels that were black and 0 to white pixels, which identified the microstructure constituent. The node size was chosen to be 5 lm 9 5 lm (the same resolution as the 1-D model). This was achieved by averaging the values of the pixels that were contained within the individual node areas. If the value was >0.5, it was considered to be mostly pro-eutectic Zn and the node assigned a value of 1; values <0.5 were considered mostly eutectic and were assigned a value of 0. The resultant digital microstructure was a coarser, although representative, version of the original microstructure (Fig. 10c) .
Simulations were then run using these complex microstructures. Representative heat capacity maps, taken from different times during the simulation, are presented in Fig. 11 . Although it is not readily obvious when looking at the static images, the simulation demonstrated that eutectic melting is initiated at nodes adjacent to the pro-eutectic Zn phases (Fig. 11b) , similar to the effect observed in Fig. 9 . The melting would then continue out to the edge of the calculation space before the melting front progressed further into the substrate. This again supports the idea that the Zn could act as a local ''short-circuit'' pathway for heat. Since the heat from the RMF reaction is more readily transported along the dendrite than through the eutectic, there is more heat available locally to the dendrite to melt the eutectic than there would be in regions further away. As a result, the simulation again captured how the melting front in the eutectic can precede the front where the entire structure is molten (Fig. 11c) .
The predicted HAZ size, based on the 2-D calculation, ranged between 90 and 100 lm. Although this simulation could not predict the exact HAZ size (observed HAZ 60 ± 15 lm), the predicted value is much closer to the experimentally observed value than the 1-D model which ignored the microstructure (148 ± 36 lm). It may be possible to further improve the agreement between the predictions and experiments by including factors such as the error due to foil undulation, temperature-dependent physical properties of the phases or by decreasing the node size in order to improve the overall resolution of the 2-D model. However, the 2-D model did validate the need to account for microstructure effects when attempting to predict the scale of a HAZ that is the result of a RMF reaction. 
CONCLUSIONS
This work explored the microstructural evolution that occurred in two Sn-Zn alloys as a result of the reaction of a neighboring Ni(V)-Al RMF heat source. The extreme local temperatures caused melting in the alloys and the rapid cooling conditions resulted in a highly refined, more homogeneous microstructure in the HAZ, compared to the bulk. In the 50Zn alloy, the difference in the SDS measured in the bulk and HAZ microstructures indicated that the HAZ microstructure experiences a cooling rate that was approximately three orders of magnitude faster than the bulk during casting.
When a 1-D model that did not include microstructure (i.e. microstructure-invariant) was used to predict the scale of the HAZ, it was found to overestimate the measured value by approximately a factor of two. This difference corresponded well to the difference in thermal conductivity between the pro-eutectic Zn and the bulk alloy. When this mechanism was accounted for in the model, the predicted values fell much closer to the experimental observations. Additionally, when the solidification rate predicted by the model was compared to the solidification rate calculated for the casting conditions of the 50Zn alloy, the relative difference was approximately three orders of magnitude, the same as was determined based on the microstructure observations. This validated the model predictions and reinforced the need for the microstructure to be considered in the model.
A 2-D model was then created, which accounted for the microstructure by digitizing a representative micrograph of the 50Zn alloy. This methodology predicted a HAZ size of 90-100 lm, which is closer to the observed value (60 ± 15 lm) than the original 1-D model (148 ± 36 lm). The results of this work indicate that the initial substrate microstructure can play a large role in the heat flow, and, consequently, the microstructure evolution that results from RMF reactions. Therefore, it should in future be accounted for in examinations of these reactions.
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